Introduction
The leading cause of nontraumatic extremity amputation is complications of diabetes, with over 96,000 amputations per year. 1 Neuropathy associated with diabetes predisposes to pain, numbness, ulceration, infection, gangrene, and amputation. Somatic and autonomic diabetic neuropathy contribute to 87% of these amputations. 2 It is now appreciated that there are different forms of neuropathy in diabetes. 1 Damage occurs to both large, myelinated nerve fibers and small, unmyelinated fibers (C-fibers). The small, unmyelinated C-fibers subserve thermal and pain perception, and the small autonomic fibers affect sweating and vascular control. 3 Damage to small, unmyelinated C-fibers has the greatest impact on survival and quality of life, producing initial symptoms such as pain, numbness, and anhidrotic skin with disordered skin blood flow (SKBF) predisposing to foot ulcers, infection, gangrene and limb loss. 4 Diabetic peripheral neuropathy is the primary cause of diabetic ulcers and the most predictive diagnosis for an eventual amputation. Current therapies for diabetic peripheral neuropathy are for symptomatic relief of pain and not for the underlying disorder. [5] [6] [7] [8] Any addition to the therapeutic armamentarium would be welcome.
It has been shown that small fiber neuropathies are quantifiable with newer tests of C-fiber integrity that include quantitative measures of SKBF and corneal confocal microscopy, [9] [10] [11] quantification of intraepidermal nerve fibers (IENF), [12] [13] [14] [15] [16] and quantitative sensory testing (QST). 17 Heat-induced vasodilation (44°C), is reduced in subjects with impaired glucose tolerance, and in type 2 diabetic patients with and without neuropathy. 18 We have reported that one of the earliest quantitative sensory abnormalities found in people with diabetic peripheral neuropathy is the impairment of small fiber sensory perception that cosegregates with disordered neurovascular function. 19, 20 Furthermore, there is evidence to suggest that one of the early manifestations of C-fiber dysfunction can be based upon skin biopsies, with measurement of the density of thin, unmyelinated nerve fibers using immunohistochemistry for Protein Gene Product 9.5 (PGP-9.5) as a neuronal marker. 12, 13, 15, 16, 21, 22 Since description of the utility of PGP-9.5 as a marker for IENF in human skin, 23 it has been used for identification of small nerve fibers in the dermis and epidermis in a range of small fiber neuropathies, including human immunodeficiency virus, and idiopathic small fiber and postherpetic neuralgia, among others. 13, 15, [24] [25] [26] [27] [28] [29] In addition, we have now established that there are characteristic changes in IENF that distinguish the metabolic syndrome from diabetes. 30 IENF density was recently given a level A recommendation by the European Federation of the Neurological Societies and the Peripheral Nerve Society as a reliable and efficient technique to confirm the clinical diagnosis of small fiber neuropathy. 31 The IENF density has been shown to correlate inversely with cold and heat detection thresholds. 32 A oneyear diet and exercise intervention program in patients with small fiber neuropathy and impaired glucose tolerance led to increased IENF density. 33 IENF loss is evident early in the disease process, declines with increasing neuropathic pain, and can be used as an outcome measure in clinical trials. 31, 33 Apart from the one-year trial on diet and exercise, 33 no drug has been shown to induce C-fiber regeneration.
Topiramate, a structurally novel antiepileptic drug, is effective in treatment of various types of epilepsy and prevention of migraine headaches. A sulfamate-substituted derivative of d-fructose, topiramate has several pharmacologic properties suggesting it may have potential for overcoming the programmed cell death implicated in the pathogenesis of neuropathy. 4 It enhances gamma aminobutyric acid (GABA) activity by interacting with a nonbenzodiazepine site on GABA receptors, has negative modulatory effects on voltage-activated Na+ channels, 34 selectively blocks AMPA/kainate glutamate receptors, has negative modulatory effects on L-type high voltage-activated Ca 2+ channels, 35 and inhibits the carbonic anhydrase isozymes, CA-I and CA-II. 34 These multiple mechanisms of action may contribute to its anticonvulsive, antinociceptive, and putative neuroprotective properties. There has been no report on the ability of topiramate to influence the structure and function of IENF, although there are animal studies to suggest that it may exercise these properties. 36, 37 Topiramate thus clearly offers an advantage over agents currently used for neuropathy in as much as it relieves pain and, in animal studies, is neurotrophic and neuroprotective, and may have beneficial effects on weight, blood pressure, and lipids. The American Diabetes Association and the American Society of Pain have recently added topiramate and other anticonvulsant medications to the diabetic neuropathy treatment regimen. 38 There may be an added benefit with topiramate in treating diabetic patients with neuropathy, because it exerts both neurotrophic and metabolic effects that have not been shown by other anticonvulsants. 7, 8, 39 We have reported on pain reduction with topiramate 7 which persisted for at least six months 40 and had salutary effects on weight, blood pressure, and serum lipids. The aim of this study was to determine whether topiramate induces regeneration of small cutaneous nerve fibers in concert with improved SKBF and sensory measures of C-fiber function.
Material and methods
Twenty subjects were recruited and completed the study. The Eastern Virginia Medical School Institutional Review Board approved the study and all subjects gave written informed consent prior to any study procedures. All subjects participating in this study had type 2 diabetes, were aged 35-75 years, and had documented evidence of diabetic peripheral neuropathy. Their baseline demographic and clinical data are shown in Table 1 . The study was a pure within-subject repeated-measure design comparing skin biopsy data, sensory responses, and SKBF before and after treatment with topiramate in subjects with diabetic peripheral neuropathy. All assessments occurred once prior to treatment and again at the end of the 18-week treatment period. In addition, SKBF testing was performed at week 12. After initial evaluation, all patients received active treatment with topiramate.
Quantitative neuropathy testing
All patients had a complete history, and a physical and neurologic examination. Neurologic symptom scores and distances, electrode placement, and limb surface temperatures were defined for each nerve conduction study to ensure that all studies were performed under similar conditions.
Skin blood flow
SKBF was measured by continuous laser Doppler assessment of the response to varying stimuli, as previously described. 20, 43 Testing was done on the nondominant foot and proximal calf at baseline, after six weeks of maintenance treatment (ie, a total of 12 weeks' treatment) and at the end of 12 weeks of maintenance treatment. The SKBF and temperature probes were placed over the external aspect of the nondominant leg 10 cm below the knee over the area where the skin biopsy sample was taken and on the dorsum of the foot. SKBF examinations were done with the patient in a reclined position with the legs elevated and completely extended. After a 10-minute baseline period, the temperature was increased to 32°C for 10 minutes, 40°C for 10 minutes, and then to 44°C for 20 minutes.
Skin biopsy
Skin punch biopsies (3 mm) were performed under local anesthesia. Biopsies were collected from each patient's dorsal forearm, lateral thigh (10 cm proximal to patella), lateral proximal leg (10 cm distal to fibular head), and lateral distal leg (10 cm proximal to lateral malleolus). T issue samples were immediately fixed in 2% buffered paraformaldehyde/ lysine/periodate solution for 12-24 hours at 4°C. They were subsequently cryoprotected in phosphate buffer with 20% glycerol overnight and frozen for later cryosectioning.
Procedures for identifying neurons in skin biopsies employed immunofluorescence techniques in a modification of the protocol described by McCarthy et al. 13 The processing and cutting of the slides were done following procedures previously described. 30 The skin biopsy data from this cohort of patients was also compared with healthy control patients taken from the large skin biopsy database created and maintained at our institute.
Fasting blood chemistries
Blood samples were obtained at the screening and final visits for determination of glycosylated hemoglobin (HbA 1c ), lipid profile including total serum cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, free fatty acids, and triglycerides, and fasting serum glucose and C-peptide. We also measured serum B12 and rapid plasma reagin at screening in order to rule out occult neuropathies. In addition, liver enzymes were measured at screening, and at weeks 4, 6, 12, and 18. cool detection threshold 9 ± 2 (normal 3.0 ± 1.0°c) Warm detection threshold
Abbreviations: LDL, low-density lipoprotein; hDL, high-density lipoprotein; SeM, standard error of mean; hbA1c, glycosylated hemoglobin.
neurologic disability scores were generated by completion of a questionnaire modified from Dyck. 41 The sum of the three scores (symptom, motor, and sensory scores) is the total neuropathy score. Neuropathy was established by the criteria suggested by the American Diabetes Association and American Academy of Neurology. 42 QST included measures of temperature and touch perception thresholds. Quantitative autonomic function was assessed by three tests, ie, heart rate variability during deep breathing at six breaths per minute (E:I ratio), the R:R variation in response to the Valsalva maneuver, and the R:R variation is response to postural change as suggested by the neurologic disability score position statement on neuropathy. 38 QST was performed using the Medoc device (TSA2001/ VSA3001) following previously published procedures. Touch pressure was measured using graded monofilaments (Semmes-Weinstein). 17 Measurements were taken 2 cm proximal to the skin biopsy sites on the nondominant limbs.
Nerve conduction studies were performed on the nondominant peroneal motor, sural sensory, and ulnar motor and sensory nerves, using standard techniques of supramaximal percutaneous nerve stimulation, surface recording, and appropriate filtering and signal amplification. Stimulation-to-recording electrode submit your manuscript | www.dovepress.com
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Statistical analysis
The primary endpoints were SKBF, QST, and indices of IENF density and length, all of which are continuous (parametric) data. The independent variable was topiramate treatment. Repeated measures analysis of variance was used to examine the treatment effects for SKBF, QST, and skin biopsies. Significant differences were accepted as P , 0.05. Where significant treatment differences were observed, contrast testing was used to determine the significance at each level, while allowing for multiplicity of comparisons. In addition, nonparametric Spearman rank correlations were done to examine the relationship between IENF, SKBF, and measures of neurologic function.
Results
The patients entered into this study were predominantly Caucasian, overweight, male, and hypertensive type 2 diabetics with clinical evidence of distal symmetric polyneuropathy (Table 1) . Our previous experience prescribing topiramate led us to use a low starting dosage and a slow dosage-escalation protocol. Oral topiramate was administered initially at a dose of 25 mg/day and gradually titrated over six weeks to a dose of 100 mg/day or the maximum tolerated dose. Fifteen of the 20 subjects were able to tolerate 100 mg/day, two subjects were maintained on 75 mg/day, and three were on 50 mg/day. A 12-week maintenance period followed the titration phase. During this period, the dose of study medication remained constant. One of the 20 patients was discontinued from the study early due to cognitive effects of the medication, including psychomotor slowing, word finding difficulty, and fatigue. All other patients tolerated their maximally titrated dose with little cognitive effect. We have previously reported 16 that mean dendritic length and IENF density progressively decreased from proximal to distal sites in patients with neuropathy. In this cohort of patients, there was a similar decrease in IENF density and mean dendritic length from proximal to distal sites (Figure 1a and 1b) . Nerve fiber density in skin taken from patients before topiramate treatment was significantly lower than in skin taken from comparable sites in healthy control patients in our large skin biopsy database. Comparing the results at each site, IENF density in the forearm was significantly lower in patients (13.2 ± 3.5) compared with controls (32.9 ± 3.2; P , 0.001). Similar deficits in IENF were seen in the thigh (8.4 ± 5.7 versus 35.6 ± 7.3; P , 0.01), proximal leg (3.1 ± 2.2 versus 17.4 ± 2.0; P , 0.001), and distal leg (4.6 ± 4.6 versus 28.0 ± 3.9; P , 0.001).
Mean dendritic length of nerve fibers in skin from controls was similar, regardless of site, ie, forearm (3.28 ± 0.18 µm), thigh (3.69 ± 0.3 µm), proximal leg (3.34 ± 0.23 µm), and distal leg (3.31 ± 0.3 µm). There was a progressive shortening of fibers in patients before treatment with topiramate from forearm to distal leg. In addition, mean dendritic length in skin from patients before topiramate treatment was significantly lower than skin taken from comparable sites in control subjects, ie, thigh (2.28 ± 0.23; P , 0.001), proximal leg (1.79 ± 0.26; P , 0.001), and distal leg (1.94 ± 0.35; P , 0.005). Mean dendritic length was not different from controls in the forearm (2.86 ± 0.19; P . 0.05).
Treatment with topiramate significantly increased mean dendritic length in the forearm and proximal leg ( Figure 1a ) and IENF density in the proximal leg (Figure 1b) . A representative sample is shown in Figure 2 . This was associated with improvement in total neuropathy scores, including touch, vibration, and prickling pain thresholds, and reduction in weight, body mass index, systolic and diastolic blood pressures, and HbA 1c (Table 2) . SKBF was measured at baseline, 12 weeks, and 18 weeks. A significant increase in SKBF was seen at week 12, but returned to baseline at week 18. SKBF in the leg increased from 87. 
Conclusion
In this small within-subject pilot study, we have shown that 18 weeks of treatment with topiramate induced improvement in neurologic disability scores, including prickling, vibration, and touch perception. This was associated with improvement in SKBF after 12 weeks of treatment, but this returned to baseline at 18 weeks. Quantification of IENF density and mean dendritic length in skin biopsies, carried out at entry into the study and repeated at the same sites after 18 weeks of treatment, showed an increase in nerve fiber length at the forearm and proximal leg after treatment with topiramate, and an increase in nerve fiber density at the proximal leg.
We have previously shown 4, 44 that the earliest change found in patients with the metabolic syndrome without hyperglycemia is a reduction in mean dendritic length and that the decrease in IENF density occurs after at least five years of diabetes and is most prominent at the distal site. 44 Thus, the patients in this study most closely resemble those with diabetes, including those with features of the current definition of the metabolic syndrome (Table 1) .
There is a distinct clinical entity of neuropathy associated with the metabolic syndrome in the absence of glucose intolerance. However, up to 50% of patients with painful neuropathy may have impaired glucose tolerance. 17, 45, 46 This suggests that treatment of the nonhyperglycemic components of the metabolic syndrome may be important. While we do show an improvement in HbA 1c , blood pressure, and weight similar to that reported for topiramate in previous neuropathy studies, 7, 39 we could not find correlations between changes in nerve fibers or cognitive function and changes in the metabolic parameters.
In this study we showed that 18 weeks of treatment with topiramate improves total neuropathy scores, touch, prickling pain, and vibration perception, as well as IENF. We have reported 16, 44 that distal leg IENF density showed significant negative correlations with warm (P , 0.02) and cold (P , 0.05) thermal threshold, heat pain (P , 0.05), pressure sense (P , 0.05), sensory score (P , 0.03), and total neuropathy score (P , 0.03), and thus objective measures are likely to be related. It is not clear, at this point in time, if these changes can be sustained for greater periods. It has been shown that pain improvement persists for at least six months, 40 and anecdotally our patients appeared to continue to improve beyond the defined study period. Clearly, longer duration studies are needed to determine if the cross-sectional correlates of nerve fiber densities and mean dendritic length with different sensory modalities can be realized.
We have reported that there is a direct correlation between distal leg IENF density and duration of diabetes, 47 suggesting that there is a loss of about one nerve fiber per mm per year. A reduction of one nerve fiber per mm translates into clinically significant changes in total neuropathy scores and objective measures of cognitive function. Furthermore, an improvement in the proximal leg of three nerve fibers per mm was found to provide clinically meaningful changes in objective parameters of nerve function. Therefore, we would propose that a conservative estimate of double the value for change in function, ie, two nerve fibers per mm, could be considered a minimal requirement for success in future studies of agents affecting nerve biology. Furthermore, we have also reported that there is a progressive shortening of the mean dendritic length in the distal leg. 47 Since this Figure 2 A skin biopsy sample before and after treatment with topiramate shows an increase in the intraepidermal nerve fiber density (epidermis indicated by box at arrow) and dendritic length after treatment. change occurs in the metabolic syndrome independent of blood glucose, 44 it seems that this could be a valuable endpoint in patients being treated for components of the metabolic syndrome other than hyperglycemia. The pattern of regeneration is unique and dictates a need to use IENF length, rather than density, as an endpoint in clinical studies at sites where viable nerve fibers still exist.
Because of the demonstrated effects of topiramate on various metabolic aspects, it could be an important addition to therapies aimed at the metabolic syndrome and its sequelae, including neuropathy and diabetes. Topiramate has been reported to have positive effects on pain relief in diabetic peripheral neuropathy, 7 an effect which has been shown to be durable 40 in clinical trials for the management of diabetic peripheral neuropathy pain syndromes. In these studies it was noted that weight loss and changes in metabolic parameters accompanied pain relief, but the role of topiramate in disease modification of neuropathy is limited. 48 Although the mechanisms underlying the neuroprotective effect of topiramate are not fully understood, there may be added benefits for people with type 2 diabetes. Topiramate inhibits weight gain in animals on a high-fat diet, but the mechanism through which change in energy balance is achieved is unclear. 49 Topiramate causes weight loss 50 sustained for one year. 51 In our studies, treatment with topiramate not only improved symptoms of neuropathy, but also reduced body weight, body mass index, systolic and diastolic blood pressure, and HbA 1c . These findings are not unlike those previously reported with topiramate treatment in normal healthy patients, as well as in patients with diabetes. 50, 51 The caveats, however, are that this was a small open-label trial, with careful attention paid to minimizing the untoward side effects known to occur at higher doses of topiramate. Effects of topiramate on cognitive function, including psychomotor slowing, short-term memory loss, fatigue, and anorexia have been reported with topiramate treatment. These common side effects make it difficult to design a true placebo-controlled trial. In our short study, we found if there was a low starting dose (15 mg), and a slow taper to a low maximum dose of 100 mg, many of these side effects are mitigated. What would be attractive is the discovery of an agent with the beneficial neurologic and metabolic effects of topiramate, but free of cognitive dysfunction and intensive dosing requirements, which would allow a true placebocontrolled trial to be performed.
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